We prove an equivalence transformation between the correlation measure functions of the causally-unbiased quantum gravity space and the causally-biased standard space. The theory of quantum gravity fuses the dynamic (nonfixed) causal structure of general relativity and the quantum uncertainty of quantum mechanics. In a quantum gravity space, the events are causally nonseparable and all time bias vanishes, which makes it no possible to use the standard causally-biased entropy and the correlation measure functions. Since a corrected causally-unbiased entropy function leads to an undefined, obscure mathematical structure, in our approach the correction is made in the data representation of the causally-unbiased space. We prove that the standard causally-biased entropy function with a data correction can be used to identify correlations in dynamic causal structures. As a corollary, all mathematical properties of the causally-biased correlation measure functions are preserved in the causally-unbiased space. The equivalence transformation allows us to measure correlations in a quantum gravity space with the stable, well-defined mathematical background and apparatus of the causally-biased functions of quantum Shannon theory.
Introduction
The theory of quantum gravity (QG) fuses the dynamic (nonfixed) causal structure of general relativity (GR) and the quantum uncertainty of quantum mechanics (QM) . Quantum gravity information processing (QGIP) proposes a framework to perform quantum information processing and quantum computations in a causally-unbiased space-time structure. The theory of QGIP allows us to build quantum gravity computers that are not just equipped with the power of quantum computations but also operating on a dynamic causal structure [4] .
While in our causally-biased standard space-time structure the background time has an interpretable meaning, in a quantum gravity environment, the processes and events are causally nonseparable and the background time and the time steps have no interpretable meaning.
In particular, to handle the entropy function and correlation measures in a causally-unbiased structure, the entropy function of the standard causally-biased space has been redefined [5] . The definition of causally-unbiased entropy has in fact resulted from a correction to the causallybiased definition of entropy function. Precisely, this correction is justified by the fact that in a causally-unbiased structure, the immediate past has no interpretable meaning and has been demonstrated through the so-called causaloid framework [5] . On the other hand, this correction in the definition of causally-unbiased entropy function has raised several questions regarding the mathematical structure and properties of the causally-unbiased entropic function. Particularly, the mathematical background of the corrected entropy function approach is undefined and obscure, which does not allow us to answer the question of which mathematical properties of causally-biased entropy hold for causally-unbiased entropy. The corrected entropy function does not provide a stable ground to construct further well-defined correlation measure functions based on it.
In this work, we propose a different approach to identify entropic measures in the causallyunbiased quantum gravity space such that all mathematical properties of the causally-biased entropy function are completely preserved. In comparison with the correction of the entropy function, in our approach, the correction is made in the data representation of the causallyunbiased space. As a convenient result, the standard causally-biased entropy function can be used to measure probabilistic correlations in the quantum gravity space such that all the mathematical properties of the causally-biased functions are preserved. The results are also extended to the corresponding correlation measure functions of quantum Shannon theory.
We prove an equivalence transformation between the correlation measure functions of the causally-unbiased quantum gravity space and the causally-biased standard space. Based on the data correction of the equivalence transformation, all mathematical properties of the standard correlation measures are preserved in the causally-unbiased quantum gravity space. Using Minkowski diagrams and the framework of Lorentz transformations [6] [7] [8] , we represent the data correction and the equivalence transformation between the quantum gravity space and the standard space. The information propagation between distant parties is modeled via abstract light pulses, while the events of the Minkowski space represents correlated data between the parties.
In the causally-unbiased quantum gravity space, all time information of all events vanishes, which does not allow the interpretation of any causal connection between the events. In particular, we show that our equivalence transformation can project the events of the causally-unbiased quantum gravity space onto the causally-biased standard space, with interpretable time bias and causal connection between them. This paper is organized as follows. In Section 2, some preliminary findings are summarized. Section 3 discusses the data representation correction and provides the proof equivalence transformation. Section 4 proposes the correlation measure functions for a quantum gravity space. Finally, Section 5 concludes the results. Supplementary information is included in the Appendix.
Preliminaries

Terms and Notations
In this section, we summarize the basic terms of the manuscript based on the notations of [5] .
Data
A piece of data d results from a measurement  , which is identified in a space-time structure via ( )
, ,
where x is a space-time coordination (elementary region of the space) where the measurement is made in the space, x j refers to the information pertinent to a choice of  , and x y denotes the outcome of  .
Measurement information
The elementary region x R is the set of all possible data i d , where the space-time information is
A composite region C  is a set of i elementary regions allowing the definition of measurement information C R for the elementary regions of C  as
Then, let V refer to a set of all possible C R measurement information from all elementary re-
where x R is the measurement information for an elementary region x .
Procedure
Let x F refer to the procedure in region x , which identifies the set of all distinct choices of measurement for the elementary region x as
Using C  , C F can be identified as
Measurement
Let x Y refer to the outcome set for a region x , which identifies the set of all distinct outcomes
where
Reference region
The reference region A x is an arbitrary region in the space, and defines 
Region of interest
The region of interest B x is a region of the space with respect to the reference region A and 
Event
For an elementary region x , an event E is identified via a measurement-procedure pair
.
Reference event
The reference event A is defined by the reference elementary region A x via the outcome- 
Event of interest
Entropy
Let the term  -space refer to the causally-biased standard space-time structure, and  -space to the quantum gravity (causally-unbiased) space.
Standard space
In the causally-biased  -space, the reference event ( )
where A D refers to sufficient data from the past space-time region A Î  .
Specifically, from (16) 
from which
Minkowski Diagram
The M Minkowski diagram is a space-time diagram that represents events and sequences of events in the space-time [6] [7] [8] .
In particular, a 2 d = dimensional M -diagram has two coordinates: the x coordinate identifies the location information of events, while the ct -axis characterizes the time information multiplied by c. In our representation, c is a constant that refers to the speed of light in the  -space (e.g., speed of information propagation in the  -space).
Particularly, an event E in the a space-time  (frame) is identified via ( )
, , , x y z t be the coordinates of the four-dimensional space-time  .
Then let
Under a Lorentz transformation for frames
one finds
from which the separation of the space-time via Assuming events
where 0 c £ W < ,
is a scaling parameter; thus,
Scaling
Let the frames  , ¢  with 0 1 c £ W < , and let 0 t t ¢ = = ; then ct ¢ -axis of ¢  is determined via [6] [7] ( )
or equivalently,
The x ¢ -axis of ¢  is defined via
The Lorentz transformation ¢    changes the scale of the axes. 
Causality
be an event pair in the causally-biased  -space,
The line between events O and A has a gradient
which characterizes the causal connection between O and A as 1 : and causally-connected, 1 : and causally not connected.
In particular, for 1 ¶ = , the events can be connected via a lightline, which, from a communication theory perspective, refers to the information flow between O and A. 
Local systems, event coordinator, flags
and
Modeling the information propagation via abstract light pulses in the  -space also allows us to build up an arbitrary quantum gravity function that constitutes a program,  , as ( )
where x ¢ Î  is an elementary region of the  -space and n labels the corresponding flag beam, while i refers to the input such that for i 1 = , a light pulse is emitted [3] . Specifically, the  -space is normalized throughout; therefore, it is modeled via a not curved background. The causally-biased standard  -space provides a reference frame with axes x and ct . The causally-unbiased  -space is defined via the scaled axes x ¢ and ct ¢ , with origin
The angle difference of the axes { }
(50) The q angle is determined via ( )
where b refers to the strength of the  -space relative to the  -space strength,
while the strength parameter of the  -space is fixed to zero,
Particularly, since in the  -space the background time has no interpretable meaning,
that is, all events of the  -space are projected onto the x ¢ -axis of the  -space frame. Let E refer to a reference event in the  -space, ( )
In the  -space, event E is identified with a location parameter, ,
and a vanishing
Without loss of generality, at a given  -space strength b , the E x ¢ elementary region in the  -space in the function of E x ¢ of  can be expressed as
while 0 In particular, the axes of the  -space with respect to the  -space are scaled as
where g is the scaling parameter evaluated as 
The frames of the causally-biased standard  -space and the causally-unbiased  -space are depicted in Fig. 2 . The  -space is normalized and illustrated via a noncurved background, with origin
Figure 2. The causally-biased standard  -space provides a reference frame with axes x and ct . The causally-unbiased  -space is defined via the scaled axes x ¢ and ct ¢ with origin
The difference of the frame axes is 0 4 5 q £ <   , where q is determined via the b strength parameter of the quantum gravity space, 0 1
with different parameters in the  -space, 
Equivalence Transformation for Correlation Measuring
The i p  probability of an outcome 
Specifically, let us evaluate
where 
Let A x ¢ and B x ¢ be the elementary regions of A and B in the  -space, with origin
At a given b strength of the  -space relative to the standard space strength 0 b =  , 0 1 b £ < , the elementary region transformation from the  -space to the  -space is
and 
Thus,
The data transformation between the  -space and the  -space is summarized in Fig. 4 . The transformation parameter between frames of  and  is ( ) 
The entropy function for the h -transformed  -space is derived as follows. Let 
Too see it, let 
where i p  is given in (67); thus, 
In particular, function 
Let C Î   be a composite region in  , while x R refers to the measurement information for the elementary region
Then let V ¢ for the  -space be defined as
and let V for the  -space be defined as
For
Let x F ¢ refer to a procedure in a region
For any nonzero h , the functions are reevaluated for C  as
Let x Y ¢ refer to the outcome set for a region
then, for any nonzero h , the C Y set for
Recall that for the composite region C ¢  ,
and for the extended composite region C  ,
Specifically, putting the pieces together, the corresponding relations of the sets are as ,
and , .
Particularly, for any nonzero h , the relation of the sets of the  -space and  -space is as
The C R ¢ Î  with C ¢  , at any nonzero h , leads to C R Î  , with the exposed composite region C  , as illustrated in Fig. 5 . 
In particular, using (109), (110), and (111), the 
log . 
Particularly, from the derivation of the correlation measure quantities
:
and ( )
Specifically, the results can be extended to arbitrary correlation measure functions via (94) is straightforwardly follows.
■
Conclusions
In the quantum gravity space, the causal structure is dynamic and all time information vanishes, which makes it no possible to utilize the causally-biased correlation measure functions. Since the correction of the causally-unbiased entropy function has led to an obscure mathematical structure, we introduced a data representation correction, which makes it possible to apply the causally-biased functions in a causally-unbiased structure. The equivalence transformation uses a correction in the data representation of the causally-unbiased quantum gravity space, which has a consequence that all mathematical properties of the causally-biased entropy function are preserved in the causally-unbiased space. The proposed transformation allows us to calculate correlations in the quantum gravity space with the stable mathematical background and apparatus of the causally-biased correlation measure functions. We demonstrated the results through the causally-unbiased probability, entropy and correlation measure functions.
Supplemental Information
S.1 Notations
The notations of the manuscript are summarized in Table S. 1.  .
x An elementary region in a space. ( )
